The distribution and geometric form (cis or trans) of neoxanthin, one of the major carotenoids of oxygenic phototrophs, were systematically examined. The 9-cis form of neoxanthin, but not the a\\-trans form, was found in chloroplasts of seed plants, ferns, mosses and green algae, all of which contain chlorophylls a and b. In contrast, neoxanthin was not found in other algal classes, such as Heterokontophyta, Rhodophyta and oxygenic phototrophic prokaryotes. Consequently, with regard to phylogeny, the appearance of neoxanthin appears to be associated with the appearance of chlorophyll b. In non-photosynthetic organs, such as petals and fruits, the presence of neoxanthin was classified into four types; those having only the 9cis form, those with only the all-trans form, those with both forms, and those without either form. Thus only 9-cis neoxanthin is found in chloroplasts, and the all-trans neoxanthin is found only in non-photosynthetic organs. Because the absorption spectra of both forms are almost identical, their functions in photosynthesis might be similar. 9'-Cis neoxanthin is not involved in the xanthophyll-cycle, whereas it is a suitable substrate for abscisic acid synthesis. Differences in geometric isomerism are discussed in relation to abscisic acid synthesis.
Neoxanthin is a common, widely distributed plant carotenoid first isolated from the green leaves of barley by H.H. Strain in 1938. Goldsmith and Krinsky (1960) proposed a tentative structure of neoxanthin with three hydroxyl and one 5,6-epoxy groups, but this structure did not match with the molecular formula, C4oH 56 0 4 , by two hydrogen atoms. Cholnoky et al. (1969) demonstrated that neoxanthin contained an additional allenic group, and proposed that a major neoxanthin from maple leaves was the 9cis form (9'-cis based on IUPAC-IUB nomenclature, see Fig. 1 ), although they illustrated the sW-trans structure in their paper. Optical isomerism (R or S) of hydroxyl groups Abbreviation: LHC II, light-harvesting complex of PSII. 3 Corresponding author: FAX +81 44 722 1231; E-mail takaichi/ biology@nms.ac.jp at C-3 and C-3' (Bartlett et al. 1969) , an epoxy group (Goodfellow et al. 1973) , and an allenic group (Hlubucek et al. 1974 ) have been described, and the chemical structure was finally confirmed by chemical synthesis (Baumeler and Eugster 1992) . Marki-Fischer and Eugster (1990) identified two forms of neoxanthin using 'H-NMR analysis; the alltrans form purified from the petals of Trollius europaeus and yellow rose, and the 9'-cis form from spinach leaves. In spite of these results, the geometric form (trans or cis) of neoxanthin in plants is, in general, still believed and illustrated to be the all-/rans form (Young and Britton 1993, Buchecker and Noack 1995) ; the only two exceptions are the reviews of Bjernland (1990) who isolated 9'-cis neoxanthin from spinach leaves and two species of Euglenophytes, and of Yamamoto and Bassi (1996) who discuss 9'-cis neoxanthin without any explanations or citations.
Neoxanthin is a known component of LHC II in higher plants, whose three-dimensional structure has been elucidated (Kiihlbrandt et al. 1994) , however the binding site of neoxanthin has not yet been elucidated. Localization of neoxanthin in LHC II might be affected by the geometric form of this pigment, 9'-cis rather all-trans, which consequently results in a difference in the function of the complex.
Neoxanthin is also a known precursor of ABA (Schwartz et al. 1997b ). Because the 9-cis form of ABA is biologically active (Schwartz et al. 1997b) , the 9'-cis neoxanthin is thought to be found in some higher plants only based on the citation of Cholnoky et al. (1969) (Li and Walton 1990 , Parry et al. 1990 , Marin et al. 1996 , however sufficient evidence for this structure has not been proved. Because ABA is one of the most important growth regulators in plants and is synthesized from neoxanthin, elucidation of the presence of neoxanthin in plants is worth while.
We therefore systematically examined the distribution and the geometric form of neoxanthin from higher plants to oxygenic phototrophic prokaryotes. We found that neoxanthin is present only in photosynthetic organisms containing Chls a and b, and even in those organisms, an organ specific distribution of the molecular forms was observed. Only the 9'-cis form of neoxanthin exists in chloroplasts but the 9'-cis and/or the all-trans forms exist in the non-photosynthetic organs, such as petals and fruits.
Materials and Methods
Biological materials-More than 170 species were used for analyses. These species covered 19 divisions and more than 80% of the classes of oxygenic phototrophs. The remaining division and classes were covered by references, so that all divisions and approximately 90% of the classes could be surveyed. The major species examined are listed in Tables 2 and 3 and all species examined  are in Table 4 , together with references. Unicellular algae were pure cultures, and marine macroalgae were natural products collected at seaside. Seed plants, ferns, mosses and non-photosynthetic organs, such as flowers and fruits, were collected from fields or botanical gardens, or purchased at markets.
Purification of neoxanthin-In order to confirm the chemical structure of neoxanthin, it was purified from spinach leaves. Pigments were extracted with acetone : methanol (7 : 2, v/v) supplemented with 0.1 volume (v/w) of 1 M Tris-HCI (pH 8.0) to prevent acidification, which causes the rearrangement of 5,6-epoxide of neoxanthin and violaxanthin to furanoid 5,8-epoxide (Eugster 1995) , and further extracted with 100% acetone several times. The solvent was evaporated and the pigments were dissolved in n-hexane. The pigments were loaded on a column of silica gel 60 (Merck, Germany) and washed with rt-hexane and n-hexane: acetone ( 7 : 3 , v/v) successively. Neoxanthin was eluted with n-hexane : acetone ( 1 : 1 , v/v). This fraction was then separated on a column of DEAE-Sepharose CL-6B (Pharmacia, Sweden). Neoxanthin was eluted with n-hexane : acetone (1 : 2, v/v) and finally purified with TLC with silica gel 60 (Merck), and developed with dichloromethane : ethyl acetate : acetone (5 : 10 : 2, by volume). Molecular weights were determined by field-desorption mass spectrometry using a double-focusing gas chromatographic mass spectrometer equipped with a field-desorption apparatus (M-2500; Hitachi, Japan; Takaichi 1993) . 'H-NMR spectra in CDC1 3 were recorded with a VXR-500 spectroscopy (Varian, U.S.A.) using tetramethylsilane as an internal standard.
For isomerization of neoxanthin, iodine dissolved in n-hexane and washed with 0.1 M Tris-HCI (pH 8.0) was added to neoxanthin in n-hexane. White light from a fluorescent lamp (daylight type, ca. 20/nnol m~2 s~') was illuminated for 30 min. A solution containing al\-trans neoxanthin was separated with HPLC, and its retention time and absorption spectrum were analyzed as described below.
Analysis of carotenoids-First, 0.1 volume (v/w) of 1 M Tris-HCI (pH 8.0) was added to the biological materials to prevent acidification. The biological materials were homogenized in ca. 5 volumes of acetone : methanol (7 : 2, v/v), followed by centrifugation. This extraction procedure was repeated once more. Approximately 0.1 volume of chloroform and then approximately 1 volume of water were successively added to the extracts. The chloroform fraction was collected, and washed once or twice with water. After centrifugation, the pigments were separated on an HPLC equipped with a ft Bondapak C18 column (Waters, U.S.A.). When necessary, some modifications in the extraction procedure were performed.
Neoxanthin and violaxanthin were eluted with methanol: water ( 9 : 1 , v/v) at a flow rate of 2.0 ml min" 1 , and then other carotenoids and Chls were eluted with methanol. Chls and carotenoids were identified by their retention times on HPLC and their absorption spectra in the eluent by a photodiode array detector, MCPD 3600 (Otsuka Electronics, Japan; Takaichi and Shimada 1992) . Under our analyzing conditions, the lower limit for the detection of carotenoids by the absorption spectra was about 0.003 on the MCPD. Usually in the sample solutions, the maximum ab-sorbance of the Chi a peak was about 1 to 1.5, thus the minimum molar ratio of detection was about 2 to 3 mmol carotenoids to 1 mol Chi a. In the case of non-photosynthetic organs, such as flowers and fruits, the main carotenoid peak was also about 1, thus the maximum resolution of neoxanthin was about 0.3% of the total carotenoids.
Results
Confirmation of the molecular structure of 9'-cis neoxanthin-The molecular weight of purified neoxanthin was 600. The 'H-NMR spectrum of neoxanthin was compatible with that of 9'-cis neoxanthin ( Table 1) . The assignments of all protons, including multiplicity and coupling constants, were confirmed with 'H-'H COSY and NOE spectra. Especially, the NOE correlations between H-7' and H 3 -19', H-8' and H-ll', and H-ll' and H 3 -20' , which are characteristics of 9'-cis neoxanthin, could be detected. Thus, neoxanthin in spinach leaves is confirmed to be 9'-cis neoxanthin 5R, 6R, 3'S, 5'R, 6, 5', 6 'tetrahydro-/?,/?-carotene-3,5,3'-triol] (Fig. 1 ).
Absorption maxima of 9'-cis neoxanthin in the HPLC eluent were located at 413, 435 and 464 nm, whereas those of all-trans neoxanthin were located at 417, 440 and 470 nm with a red-shift of approximately 5 nm from those of the 9'-cis form. Following separation with HPLC, the retention time of 9'-cis neoxanthin was 8.5 min, while that of the all-trans form was 7.9 min. Consequently, the geometric forms, 9'-cis and all-trans, of neoxanthin could be distinguished by their absorption spectra and their HPLC retention times. When the mixture of purified all-trans and 9'-cis neoxanthin was analyzed, the lower limit of detection of the all-trans form was estimated to be 3% of the total neoxanthin content.
Presence of 9'-cis neoxanthin in chloroplasts-The pigment compositions in green leaves or green organs of seed plants, mosses and ferns, and whole cells of algae were analyzed. Because photosynthetic pigments, including Chls 2.40 1.65 5.94 6.84 6.08 6.76 6.29 6.26 6.63 0 Marki-Fischer and Eugster (1990) , Englert (1995) . * Corresponding assignments may be reversed. and carotenoids, are known to be synthesized in chloroplasts and localized, in general, in photosynthetic organs, it is probable that the analyzed pigments came preferentially from chloroplasts.
A\\-trans neoxanthin
Only 9'-cis neoxanthin, and not the all-trans form, was found in chloroplasts of seed plants, ferns, mosses and green algae ( Table 2) , all of which also contained Chls a and b. Euglenophyta and Chlorarachniophyta, which are postulated to have originated by the secondary symbiosis of Chls a/b containing algae, also contained only the 9'-cis form. The contents of 9'-cis neoxanthin in the above mentioned organisms were 10 to 20% of the total carotenoids.
All of the seed plants, ferns and mosses contained alltrans violaxanthin in addition to lutein, Chi b, Chi a and /?carotene, which were eluted in this order on reverse phase HPLC. Antheraxanthin, zeaxanthin and ct-carotene were found as minor components in most of these species. Relative pigment contents were similar among these species. Some Chlorophyta, such as Dunaliella, Scenedesmus, Ulva, Spirogyra and Nitella, had a pigment composition (Sasa et al. 1992) , Chlamydomonas parkeae and Bryopsis contain siphonaxanthin ester, and Chlamydomonas reinhardii and Chaetomorpha contain loroxanthin. Euglenophyta was exceptional in that it lacked violaxanthin and lutein, but contained diadinoxanthin, which was confirmed by its absorption spectrum and the molecular weight, and diatoxanthin (Bjernland 1982) . Absence of neoxanthin in other algal classes-In contrast, neoxanthin in either a cis-or a trans-form was not found in other algal classes (Table 3) with an accuracy of detection within 0.3% of the total carotenoids. Those were Haptophyta, Heterokontophyta, Dinophyta and Cryptophyta containing Chls a and c, Rhodophyta containing Chi a, and the oxygenic phototrophic prokaryote, Prochlorophyta and Cyanophyta. Glaucophyta (Chapman 1966) reportedly does not contain neoxanthin.
Violaxanthin, a precursor of neoxanthin synthesis (Fig. 2) , is found in Raphidophyceae, Phaeophyceae and Eustigmatophyceae in Heterokontphyta and is also reported in Chrysophyceae in Heterokontphyta (Withers et al. 1981) . Pigment compositions in the above mentioned algae were very different from those in organisms containing 9'-cis neoxanthin.
Neoxanthin in non-photosynthetic organs-The geometric isomerism and distributions of neoxanthin were also examined in non-photosynthetic organs that contain carotenoids. All samples examined are indicated in Table  4 . We found four types of distribution of neoxanthin. One type contained only the 9'-cis form, such as carnation and dandelion petals, corn seed, and an etiolate of wheat, whereas the second type contained only the all-trans form, such as rose and narcissus petals, pumpkin and tomato fruit, and carrot root. The third type contained both forms of neoxanthin, such as pansy and garbera petals. Neoxanthin was not found in the fourth type, such as sunflower petals and pineapple fruit. The all-trans form was found in approximately half of the samples. The content of neoxanthin were a few percent in these samples examined.
The carotenoid composition in non-photosynthetic Chapman (1966) . * Withers et al. (1981) . c Kohata and Watanabe (1988) . d Pennington et al. (1988) . ' Biichel and Wilhelm (1993) . cis, 9'-cis form; trans, al\-trans form; none, no neoxanthin. * Marki-Fischer and Eugster (1990) . organs could be classified into three types. One type contained pigments similar to those in chloroplasts, including small amounts of Chls a and b, and these contained only 9'cis neoxanthin, such as carnation and impatiens petals. In the second type, carotenoid fatty acid esters were major components, as determined by their HPLC elution profiles, such as rose and garbera petals, and pineapple fruit. In the third type, one major carotenoid accounted for more than 50% of the total carotenoids, such as violaxanthin in narcissus petals, lycopene in tomato fruit, and /?-carotene in carrot root.
Discussion
The distribution of neoxanthin in phototrophic organisms was limited to seed plants, ferns, mosses and green algae, all of which contain Chls a and b (Table 2) , whereas neoxanthin was not found in other algal classes; Chls a/c algae (Haptophyta, Heterokontophyta, Dinophyta and Cryptophyta), Chi a-phycobilin algae (Rhodophyta, Glaucophyta and Cyanophyta), and Prochlorophyta (Table 3) . With regard to the phylogeny of photosynthetic organisms, the appearance of Chi b is somehow linked to the synthesis of 9'-cis neoxanthin, except for Prochlorophyta. It is not clear, however, whether this linkage is inevitable or just coincidence. Dinophyta have symbiotic algae, such as Cryptophyceae, Bacillariophyceae and Prasinophyceae, so in this algae the presence and the geometric type of neoxanthin might depend on the symbiotic algae.
The presence of neoxanthin in Chi a/b algae and the absence in other algal classes has been reported, whereas in some Chi a/c algae, the presence of neoxanthin has also been reported (Goodwin 1980 , Bjornland and Liaaen-Jensen 1989 , Rowan 1989 , even though the geometric forms of these algae were not mentioned. The content of neoxanthin in the Chi a/c algae is reportedly always low (at most, a few percent of the total). The classification of algae has been rapidly changing in recent years, thus it is appropriate to re-examine the presence and the geometric form of neoxanthin using new techniques, as well as to identify the species. In this sense, our analyses on Chi a/c algae produced better results. The distribution of neoxanthin is consistent with the current phylogeny of algae.
The geometric form of neoxanthin in chloroplasts was unique among carotenoids. Only the 9'-cis form without the all-trans form was found in chloroplasts. Other carotenoids, such as violaxanthin, lutein and /?-carotene, take only all-trans forms (data not shown; Yamamoto and Bassi 1996) . With regard to carotenogenesis, the synthesis of neoxanthin from violaxanthin always accompanies the cis isomerization, because intermediates, i.e., all-trans neoxanthin and 9-cis violaxanthin, could not be found in chloroplasts (Fig. 2) . It is not known that 9-cis neoxanthin is metabolized to other carotenoids, thus 9'-cis neoxanthin is the end product of carotenoid synthesis in Chi a/b plants and algae.
In non-photosynthetic organs, the presence of neoxanthin can be divided into four types; only the 9'-cis form, only the all-trans form, both forms, or neither (Table 4 ). Neoxanthin content was less than a few percent of the total carotenoid content. It is difficult to find a correlation between the phylogeny and distribution and the geometric form of neoxanthin in non-photosynthetic organs. Diversity in carotenoid compositions and the content in the nonphotosynthetic organs might be independent of the classification of plants.
The functions of neoxanthin remain unclear. Because the absorption spectra of both the cis and the trans forms are almost identical, their spectroscopic and physicochemical characteristics might be similar, which might be responsible for light-harvesting and photoprotection. Neoxanthin is mainly distributed to PSII in chloroplasts, especially in LHCII. The Chi b-less mutant of Chlamydomonas reinhardii, which lacks LHC II, does not contain neoxanthin (Knoetzel et al. 1988 ), suggesting that neoxanthin is preferentially associated with LHC II. A three-dimensional structure of LHC II has been proposed and two lutein and 12 Chls molecules are found in the LHC II monomer (Kiihlbrandt et al. 1994) . Two lutein molecules are located in the central part of the LHC II, and stabilize the helix structure that binds Chls a and b. Although neoxanthin and violaxanthin are present in sub-stoichiometric amounts (Bassi et al. 1993) , the binding sites of 9'-cis neoxanthin and all-trans violaxanthin are unknown. There are two possibilities for the binding site(s) of 9'-cis neoxanthin; one is a different site from that occupied by carotenoids in the alltrans form, since 9'-cis neoxanthin and other al\-trans carotenoids have different stereochemical structures (Fig. 1) . The other possibility is the same site, shown for the reaction-center-B865 complex of the aerobic photosynthetic bacterium, Erythrobacter longus, containing zeaxanthin (all-trans form) and bacteriorubixanthinal (9'-cis form) (Noguchi et al. 1992) . The overall structure of the complex, however, is very different from that of LHC II, thus, the binding site might not be the same.
Neoxanthin associates with several types of LHC II in addition to the Chi a/b-lutein type; those are, Chi a/bsiphonaxanthin type from Bryopsis maxima (Nakayama and Okada 1990) , Chi a/6-diatoxanthin type from Euglena gracilis (Cunningham and Schiff 1986) , and Chi a/bprasinoxanthin type from Mantoniella squamata (Wilhelm and Lenartz-Weiler 1987) . In these complexes, the major carotenoid species is variable, however neoxanthin is always found in the complexes, suggesting that neoxanthin has a specific, but cryptic, function in LHC II.
Xanthophyll-cycle functions to dissipate light energy in chloroplasts of higher plants, where violaxanthin de-epoxidase converts violaxanthin to zeaxanthin under high light conditions (Fig. 2) . In vitro, this enzyme also converts all-trans neoxanthin to all-trans deepoxyneoxanthin, however the 9'-cis form can not be a substrate (Yamamoto and Higashi 1978) . Because all-trans neoxanthin was not found in chloroplasts, formation of all-trans deepoxyneoxanthin under high light conditions was also not to be the case. Even if all-trans deepoxyneoxanthin is formed from an intermediate, it does not seem to be effective for dissipation of light energy, because its energy level is similar to that of antheraxanthin (data not shown). The 9-cis form is not involved in the xanthophyll-cycle, thus its accumulation might partly correlate with other physiological functions.
In contrast, a cleavage enzyme of 9'-cis neoxanthin has been found in ABA synthesis (Schwartz et al. 1997b ) and its substrate is only the 9'-cis form not the all-trans one, which results in the production of cis-ABA through cis-xanthoxin (Fig. 2) . Only cis-ABA, not trans-ABA, is biologically active (Schwartz et al. 1997b ). Therefore, 9'-cis neoxanthin is a suitable substrate for ABA biosynthesis.
All oxygenic phototrophs contain cis-ABA (Hirsch et al. 1989 ). On the other hand, two ABA biosynthetic pathways are already known; the carotenoid pathway, i.e., cleavage of 9-cis neoxanthin in chloroplasts (Fig.2 ) and the sesquiterpene pathway in mold (Zeevaart and Creelman 1988) . It remains unclear, however, whether the sesquiterpene pathway also produces cis-ABA in plants and algae that contain neoxanthin, and whether algae that do not contain neoxanthin produce cis-ABA by the sesquiterpene pathway or the carotenoid pathway. Discrepancies between the presence of 9'-cis neoxanthin and the biosynthetic pathway(s) of cis-ABA will be the next subject to be analyzed.
